Plenoptic Imaging (PI) is a novel optical technique for achieving tridimensional imaging in a single shot. In conventional PI, a microlens array is inserted in the native image plane and the sensor array is moved behind the microlenses. On the one hand, the microlenses act as imaging pixels to reproduce the image of the scene; on the other hand, each microlens reproduces on the sensor array an image of the camera lens, thus providing the angular information associated with each imaging pixel. The recorded propagation direction is exploited, in postprocessing, to computationally retrace the geometrical light path, thus enabling the refocusing of different planes within the scene, the extension of the depth of field of the acquired image, as well as the 3D reconstruction of the scene. However, a trade-off between spatial and angular resolution is built in the standard plenoptic imaging process. We demonstrate that the second-order spatio-temporal correlation properties of light can be exploited to overcome this fundamental limitation. Using two correlated beams, from either a chaotic or an entangled photon source, we can perform imaging in one arm and simultaneously obtain the angular information in the other arm. In fact, we show that the second order correlation function possesses plenoptic imaging properties (i.e., it encodes both spatial and angular information), and is thus characterized by a key re-focusing and 3D imaging capability. From a fundamental standpoint, the plenoptic application is the first situation where the counterintuitive properties of correlated systems are effectively used to beat intrinsic limits of standard imaging systems. From a practical standpoint, our protocol can dramatically enhance the potentials of PI, paving the way towards its promising applications.
INTRODUCTION
Plenoptic imaging, also known as light-field imaging, is a recently established optical imaging technique 1, 2 for recording the three-dimensional light field of a scene by measuring both the planar distribution and the propagation direction of the incoming light. Several images of the scene, one for each propagation direction, can thus be acquired in a single shot. On one hand, each image corresponds to a different viewpoint, enabling the 3D reconstruction of the scene. In fact, plenoptic imaging is the simplest method of 3D imaging with the present technological means. [3] [4] [5] On the other hand, the acquired images can be combined, in post-processing, to give an overall image characterized by the same depth of field of the N original images, but a signal-to-noise ratio N times larger.
2 Plenoptic imaging is currently used in digital cameras enhanced by refocusing capabilities, 6 and a plethora of innovative applications in 3D imaging and sensing, ?, 3 stereoscopy 1, 7, 8 and microscopy 4, 9, 10 are also being developed. Among the applications, it is worth mentioning that the plenoptic technique has been applied to high-speed large-scale 3D functional imaging of neuronal activity. 5 The potentials of plenoptic imaging are limited by the inherent inverse proportionality between image resolution and maximum achievable depth of field. In fact, in state-of-the-art devices, based on first-order imaging, directional resolution is acquired at the expense of transverse spatial resolution. Signal processing and deconvolution have been implemented to recover the lost resolution. 4, 5, [11] [12] [13] [14] Further author information: (Send correspondence to M.D. and F.V.P.) M.D.: E-mail: milena.dangelo@uniba.it, Telephone: +39 080 544 3217 F.V.P.: E-mail: francesco. pepe@ba.infn.it, Telephone: +39 080 544 2361
We have recently proposed a novel technique, named correlation plenoptic imaging (CPI), which exploits the properties of light from sources characterized by nontrivial second-order spatio-temporal correlations to beat the strong coupling between spatial and directional resolution. 15 From a fundamental standpoint, the plenoptic application has been the first physical context where the counterintuitive properties of chaotic light (namely, the coexistence of momentum and position correlation 16 ) are effectively used to overcome intrinsic limits of standard imaging systems. From a practical standpoint, our protocol enhances the potentials of plenoptic imaging. The effect on which CPI is based has been demonstrated for both chaotic light sources 15, 17 and sources of entangled photon pairs. 18 Interestingly, correlation imaging based on entangled photons has been shown to enable subshot-noise imaging, 19 which is an outstanding feature for biomedical and security applications.
A CPI setup must enable the parallel acquisition of several images of the given scene, each one corresponding to illumination from a different point of the source. In fact, as we shall soon demonstrate, one sensor array retrieves coherent images of the object by means of correlation measurement with each of the pixels of the other sensor array, on which an image of the light source is reproduced. Interestingly, a single lens replaces the microlens array required in standard plenoptic imaging. In summary, the basic idea of CPI is to replace with a single lens and two separate sensors, the complex system composed of the microlens array followed by a single sensor; spatial and angular measurements are thus physically decoupled, enabling a significant weakening of the inverse proportionality between spatial and angular resolution characterizing standard plenoptic imaging devices. In the following, we will review the basic aspects of CPI, considering for definiteness the case of chaotic light, and we shall point out the refocusing and viewpoint variation capabilities.
FROM INTENSITY CORRELATIONS TO LIGHT-FIELD IMAGES
Standard imaging is based on the quasi-one-to-one correspondence between the signal detected on the sensor and the distribution of light on a conjugate plane outside the imaging device, whose distance is determined, in the simplest case, by the thin-lens equation. Plenoptic imaging has the purpose to record not only the distribution of light on a certain plane, but also the direction of light propagating in the device. The most common way to perform this task is the insertion of an array of microlenses before the sensor.
2 Each microlens projects an image of the main lens on a corresponding N u × N u -pixel portion of the sensor. In turn, the image of the object plane forms on the microlens array. Thus, the intensity retrieved by one pixel provides a combined information on i) the point on the object plane from which the signal comes and ii) the point on the lens by which the signal has been transmitted. While such information enables one to reconstruct planes that are not in sharp focus on the microlens array, well beyond the depth of field of the main lens, this configuration reduces by a factor N u the spatial resolution of the images. In particular, since the numerical apertures of the main lens and the microlenses must be matched to avoid either cross-talk or sub-pixelling effects, 2 it is not possible to push resolution to its physical (diffraction) limit.
In our work, we have demonstrated that the combination of planar imaging and directional detection can be achieved also by retrieving second-order intensity correlations, without sacrificing diffraction-limited resolution. We shall focus for definiteness on the case of chaotic light, 15, 17, 20 even though, mutatis mutandis, the same conclusions apply to entangled light from Spontaneous Parametric Down Conversion.
18 First-order imaging is based, in the paraxial regime, on the properties of an optical propagator g(ρ 1 , ρ 2 ), that relates, through a convolution, the field on an "image" plane with coordinate ρ 1 , to the field on an "object" plane with coordinate ρ 2 . The imaging procedure is effective if the propagator is concentrated around one value ρ 2 = ±ρ 1 /m, where m is the absolute magnification. In second-order imaging, light from a correlated source is split (e.g. by a beam splitter) in two optical paths a and b, characterized by their optical propagators g a (ρ a , ρ s ) and g b (ρ b , ρ s ), where ρ s is the coordinate on the source plane and ρ a,b are the coordinates on the detector planes at the end of the two paths. The correlation measurement can unveil imaging properties that are absent in the propagators themselves: for example, in the case of chaotic light, correlation of fluctuations of the intensities I a and I b measured at the end of the corresponding path
encodes more information than the average intensities 
with A the aperture function of the object and M = S i /S o the absolute magnification of the lens L b . The setup in Figure 1 is an enhancement of the one employed for chaotic ghost imaging: in that case, light transmitted by the object was simply collected by a "bucket" detector with no spatial resolution, that enables no detection of the source point by which light has been emitted. Actually, the ghost image can be recovered by integration over ρ b , which simulates the presence of a bucket detector. In the focused case z b = z a one gets
withF the Fourier transform of F. Moreover, integration on the detector D a yields an image of the squared source profile:
which is focused, due to the condition 1/S o + 1/S i = 1/F , independently of z a and z b . Since the object Fourier transformÃ acts as a point-spread function for the source image, the physical resolution limits on the object and the source plane read
with D s the effective diameter of the source and a the length scale of the smallest object details.
By noticing that the source acts as a focusing element in chaotic ghost imaging, one can see the full parallelism between CPI and classical plenoptic imaging: in the standard case, either first-or second-order, there is no possibility to image the focusing element; in the plenoptic cases, the setup produces images of the focusing element, correlated to the image of the object by either classical propagation or by intensity correlation measurement on distinct detectors. However, as one can check from Eq. (3), unlike in first-order PI, there is no loss of resolution in CPI. This is one of the most prominent advantage of using correlation imaging, together with the fact that just one image of the focusing element is needed. The correspondence can be pointed out by the stationary-phase evaluation of the integral (2), which provides an approximation to the detected signal in the ω → ∞ (geometrical-optics) limit:
In this result, it is evident that there is an unambiguous correspondence between points on the object plane and pixels on the detection plane D a exists only in the focused case z b = z a . Otherwise, the image of the object depends on the choice of the correlated pixel on the detector D b . Such dependence is detrimental if one integrates over ρ b to obtain the ghost image, which will appear blurred, but is also interesting since it defines different points of view on the object, since the choice of a point ρ b coincides with the choice of the source point ρ s that illuminates the scene. Moreover, as we shall discuss in the next section, the complete retrieval of the γ(ρ a , ρ b ) function through correlation of intensities at D a and D b enables one also to reconstruct the focused ghost image.
REFOCUSING AT WORK
From Eq. (6), one can deduce that the CPI procedure provides multiple images of the object from different points of view, one for each pixel on D b . These images are present even in the cases in which the ghost image is not visible. However, they are formed by only a small fraction of light coming from the source, and are therefore characterized by a smaller signal-to-noise ratio (SNR) than an image obtained through a bucket detector, which captures light from the whole source. However, one can improve the SNR by properly adding all the images corresponding to the different pixels of D b , to recover a refocused ghost image to which light from the whole source contributes. Instead of directly integrating on ρ b as in (3), we can take into account the scaling relation (6), to reconstruct the focused ghost image
To get a properly refocused image, one should know with sufficient precision both the source-to-sensor distance and the source-to-object distance. One of the most likely situations is the one in which z a is precisely determined by the choice of the experimental setup, while z b is unknown. In this case, one can attempt to perform refocusing with different distances z b in (7), optimizing the sharpness of the result. Thus, the refocusing capability of CPI has the potential to be exploited for measuring distances of objects. In Figure 2 we present a simulation of different cases of images of an out-of-focus object: a) the blurred ghost image; b) the refocused image, constructed according to (7) from the retrieved correlations of intensity fluctuations; c) and d) refocused images reconstructed with the wrong distance z b , which are evidently less sharp than b), and also have an incorrect size.
CONCLUSIONS
We have reviewed the plenoptic properties of intensity correlation imaging in the case of chaotic light. The theoretical results presented in this paper have also been experimentally demonstrated. 20 Unlike first-order plenoptic imaging, CPI has no constraints on the image resolution, which can reach the diffraction limit as in standard imaging systems. Still, CPI enables increasing the depth of field well beyond the typical DOF of standard imaging. 20 The advantages of both standard and plenoptic imaging are thus combined at best in CPI, whose maximum achievable DOF is solely limited by interference and diffraction at the object. Importantly, plenoptic imaging is the first application in which the surprising properties of correlated systems are effectively used to beat intrinsic limits of standard imaging systems. CPI has the potential to strongly improve the performances of both microscopy, where high lateral and axial resolutions are required together with large DOF, and 3D imaging, where fast multiperspective acquisitions are desired. Future studies will be devoted to acquisition time optimization, to regain the single-shot advantage of conventional plenoptic imaging. Comparison between an out-of focus ghost image of a mask with transmitting letters (a) and three attempts of refocusing the same mask through the formula (7) . The distance between the source and the plane focused on the sensor is za = 50 mm, while the object is placed at z b = 75 mm. The setup is illuminated by a chaotic source of wavelength λ = 500nm and a Gaussian intensity profile with standard deviation σ = 1mm. While image (b) is refocused using the correct z b , the outcomes (b) and (c), which are evidently not as blurred as the ghost image, but degraded with respect to (b), are refocused at wrong distances, namely z b = 60 mm for (c) and z b = 90 mm for (d).
